Vascular endothelial growth factor (VEGF) and interleukin-8/CXCL8 (IL-8) are prominent pro-angiogenic and pro-metastatic proteins that represent negative prognostic factors in many types of cancer. Hypoxia is thought to be the primary environmental cause of VEGF and IL-8 expression in solid tumors. We hypothesized that a lack of nutrients other than oxygen could stimulate the expression of these factors and previously demonstrated that expression of VEGF and IL-8 is responsive to amino acid deprivation. In the present study, we examined the effect of glutamine availability on the expression of these factors as well as the role of transcription factors NFB and activating protein-1 (AP-1) in the response of TSE human breast carcinoma cells to glutamine deprivation. VEGF and IL-8 secretion and mRNA levels were dramatically induced by glutamine deprivation. mRNA stabilization contributed to this response. 
INTRODUCTION
Angiogenesis is regulated by a number of positively and negatively acting effectors. Vascular endothelial growth factor A (VEGF), also known as vascular permeability factor, is a prominent pro-angiogenic and tumor growth-promoting hormone expressed in a wide range of tumor cells. Expression of VEGF is often obligatory for tumor angiogenesis, thus inhibition of VEGF expression or function has been fervently pursued as a cancer treatment (1) . It is well established that VEGF expression is induced by hypoxia through transcriptional activation and mRNA stabilization (2) (3) (4) . Thus, solid tumors respond to low oxygen tension by increasing VEGF expression and thereby promoting increased oxygen delivery through angiogenesis.
Interleukin-8 (IL-8, CXCL8) belongs to the ELR (Glu-Leu-Arg) motif-positive (ELRϩ) CXC subclass of chemokines and is the most potent lymphocyte chemoattractant in this group. IL-8 has recently been shown to contribute to cancer progression by acting as a mitogenic, angiogenic, and motogenic factor (reviewed in Ref. 5) . The role of IL-8 in breast cancer was observed in several studies in which its expression has been strongly correlated with metastatic phenotype (6 -8) . However, the mechanisms by which IL-8 supports tumor growth, angiogenesis, and metastasis are not precisely understood. IL-8 has also been demonstrated to induce migratory responses of endothelial cells through interaction with its cognate G proteincoupled receptors CXCR1 and CXCR2 (9, 10) . Thus, IL-8 may promote the breakdown of extracellular matrix components within solid tumors through its ability to attract protease-laden neutrophils (11) and may stimulate nascent blood vessel growth and attraction by acting on endothelial cells (12) . IL-8 may trigger tumor egress by directly inducing the motility of tumor cells that possess CXCR1 or CXCR2 receptors (7, 13) . Extrinsic factors and intrinsic genetic influences control the expression of IL-8 by cancer cells. Like VEGF, IL-8 is responsive to tumor-related environmental factors, including hypoxia (14) .
The tumor microenvironment is also characterized by insufficient vascular delivery of nutrients such as glucose and amino acids. This is exacerbated by the fact that cancer cells often exhibit greatly increased rates of glucose utilization (via an aerobic glycolysis) and glutamine consumption. For example, tumor tissues exhibit low interstitial glucose concentrations (15, 16) . In 1995, Keshet's group first demonstrated that VEGF expression was increased in response to glucose deprivation (17, 18) . In addition, we have shown that xenografted tumors formed from a highly glutamine-dependent human breast carcinoma cell line experience reduced intratumoral glutamine contents as they grow in size (19) . It seems logical that, in analogy to oxygen deprivation, solid tumors would respond to glutamine deprivation by initiating angiogenesis. Alternatively, tumor cells could escape a nutrient-poor environment by increasing their ability to metastasize to a secondary tumor site. Thus, we hypothesized that deprivation of glutamine could affect expression of pro-angiogenic and pro-metastatic factors. We recently demonstrated that the expression of VEGF and IL-8 was induced by glucose and amino acid deprivation of breast carcinoma cell lines (20) . This was the first study to demonstrate that IL-8 expression is responsive to nutrient deprivation and only the second to demonstrate that VEGF expression is responsive to amino acid deprivation, the first being our study using a human retinal pigmented epithelial cell line (21) . However, the mechanisms and mediators of these inductions were not determined. It seemed that transcription factors nuclear factor-B (NFB) and activating protein-1 (AP-1) were likely candidates for this mechanism, because they each affect the transcription of VEGF and IL-8 genes. IL-8 transcription is highly responsive to activation of NFB and AP-1 (22, 23) . IL-8 expression in melanoma and pancreatic cancer cell lines has been shown to directly correlate with NFB activity (24, 25) . NFB has also been implicated in the control of VEGF transcription (26, 27) , and VEGF and IL-8 seem to be coexpressed by several tumor types (28 -32) . Inhibition of NFB activity reduced IL-8 and VEGF expression as well as tumorigenicity and angiogenesis of prostate and ovarian cancer cells (33, 34) . AP-1 has been shown to act synergistically with NFB to promote IL-8 transcription (23, 35, 36) and to play a role in IL-8 expression in response to hypoxia (35, 37) . AP-1 has also been shown to play a positive role in the induction of VEGF expression by hypoxia, transforming growth factor-␤, and acidosis (38 -41) .
In the present work, the expression of VEGF and IL-8 in response to glutamine deprivation was studied in detail using a highly glutamine-dependent human breast carcinoma cell line (TSE cells). We hypothesized that glutamine deprivation of TSE cells increases VEGF and IL-8 transcription through NFB and AP-1 activation. However, when this study was initiated, there was no indication in the literature that either NFB or AP-1 activity is affected by nutrient availability. Very recently, Jiang et al. (42) showed that NFB is activated in response to leucine deprivation. To test this hypothesis, the effects of glutamine starvation on VEGF and IL-8 secretion, mRNA levels, and mRNA turnover, as well as activation of NFB and AP-1 DNA-binding activities were examined. Glutamine deprivation caused marked activation of AP-1 and NFB, therefore pharmacological and genetic means were used to inhibit NFB and AP-1 activities and to determine the effects on gene expression. Curcumin, a component of the curry spice turmeric that is now in clinical trials as a cancer preventative agent, was used to inhibit activation of NFB and AP-1. In addition, recombinant adenoviruses expressing dominantnegative repressors of NFB [inhibitor of nuclear factor-B (IB) super repressor, IBM] or AP-1 (A-Fos) functions were used to test the necessity of these factors. Our results indicate that NFB and AP-1 activation was necessary for the induction of IL-8 transcription in response to glutamine deprivation. In contrast, these transcription factors were not necessary for the induction of VEGF expression. Finally, a cDNA macro-array containing 111 NFB target genes identified 17 genes that were up-regulated in response to glutamine deprivation (including IL-8). Up-regulated genes also included the neutrophil chemoattractant growth-regulated oncogene ␣ (GRO␣/ GRO1/CXCL1), which may play a role in tumor progression similar to that of IL-8.
MATERIALS AND METHODS

Materials.
Tissue culture media and medium supplements were purchased from Invitrogen Life Technologies, Inc. (Grand Island, NY). All chemicals, drugs, and reagents were purchased from Fisher Scientific (Pittsburgh, PA) or Sigma Chemicals (St. Louis, MO) except for WST-1 cell proliferation reagent, which was purchased from Roche Applied Science (Indianapolis, IN). Human breast adenocarcinoma TSE cells were provided by Dr. Simon Powell (Radiation Oncology, Massachusetts General Hospital, Boston, MA).
Cell Culture. TSE cells were cultured in DMEM (high glucose and no glutamine formulation) supplemented with 4 mM L-glutamine, 10% (v/v) fetal bovine serum, 10 g/ml bovine insulin, 100 units/ml penicillin, 100 g/ml streptomycin, and 0.25 g/ml amphotericin B at 37°C, in a humidified atmosphere of 5% CO 2 and 95% air. For Northern blotting and ELISA experiments, cells were plated in 60-cm 2 tissue culture dishes, grown to confluence, and refed with fresh media 1 day before being rinsed twice with Dulbecco's PBS and fed with fresh media (10 ml/plate) containing drugs or other treatments as described in figure legends. For glutamine deprivation experiments, glutaminefree media (DMEM lacking glutamine and supplemented with 10% (v/v) dialyzed fetal bovine serum) was used as described in figure legends. For DNA-binding activity ELISA-like assays, cells were plated in 150-cm 2 plates, grown to confluence, and refed with fresh media 1 day before being rinsed twice with Dulbecco's PBS and fed with fresh media (30 ml/plate) containing drugs or other treatments as described in figure legends.
Plasmids. The pCMV-IB␣M plasmid encoding NFB dominant-negative mutant IB super repressor was purchased from Clontech (Palo Alto, CA). The CMV500 -8584hep-fosLZ(MO) plasmid-encoding c-Fos dominant-negative mutant A-Fos (43) was kindly provided by Dr. Charles Vinson (Laboratory of Biochemistry, National Cancer Institute, NIH).
Northern Blotting. Cells were harvested using RNA-STAT60 reagent (TelTest, Friendswood, TX). The total cellular RNA was isolated using onestep acid-phenol guanidinium procedure (44) with subsequent acid-phenol, phenol/chloroform/isoamyl alcohol, and chloroform extractions and ethanol precipitation in the presence of sodium acetate. Equal amounts of total RNA (10 g) were fractionated by electrophoresis, transferred to nylon membrane (Micron Separations, Inc., Westborough, MA) by capillary action, and UVlight cross-linked to the membrane at 120,000 J/cm 2 . Membrane was incubated at 65°C for 5 h in blocking solution with final concentrations of 5ϫ saline-sodium phosphate-EDTA, 7.5ϫ Denhardt's solution, and 0.5% SDS. Northern blotting was performed using cDNAs corresponding to human VEGF (dbEST189750), glucose-regulated protein 78 [GRP78 (dbEST107273)], IL-8 (dbEST6044688), growth arrest and DNA damage-inducible gene 153 [GADD153 (dbEST298470)], GADD45 (dbEST602435), and 18S rRNA as templates to generate 32 P-labeled probes with a random-primer labeling kit (Amersham Biosciences, Piscataway, NJ). A rat 18S rRNA cDNA template was reverse transcription-PCR generated from total rat kidney RNA using R18F2 sense (5Ј-GCTACCACATCCAAGGAAGGC-3Ј) and R18B1 antisense (5Ј-CCCGTGTTGAGTCAAATTAAGCC-3Ј) primers. Northern blots were quantified using a STORM PhosphorImager and ImageQuant software (Molecular Dynamics, Sunnyvale, CA). Fold inductions were obtained by dividing integrated band intensity volumes for experimental samples by that of control (untreated, time zero, or complete media) samples.
ELISA. ELISA assays were performed using commercial VEGF and IL-8 ELISA kits from R&D Systems (Minneapolis, MN). Conditioned media was collected from 60-cm 2 plates, aliquoted, and stored (1-4 months) frozen until being assayed. Samples were diluted 4 -20-fold in deionized water before assaying. Assays were performed in triplicate, and readings were compared with standard curves obtained with human recombinant VEGF 165 , provided with the kit.
mRNA Stability Analysis. TSE cells were incubated for 6 h in glutaminefree medium to induce VEGF and IL-8 mRNA levels and then transferred to either fresh glutamine-free medium or amino acid-complete medium, both containing 5 M RNA synthesis inhibitor actinomycin D. Total cellular RNA was isolated at time points indicated in figure legend and subjected to Northern blotting. The data were quantified using phosphorimagery and expressed as a fraction of the value obtained for time 0 (6 h of glutamine deprivation). To calculate mRNA half-lives (t 1/2 ), the data were linearized by plotting the natural logarithm of fractional response [fractional response ϭ (R t Ϫ R 0 )/ (R ss Ϫ R 0 )], where R t is the relative amount of mRNA at the time point t, R 0 is the relative amount of mRNA after 24 h of treatment with actinomycin D, and R ss is the steady-state relative amount of mRNA (after 6 h of glutamine deprivation) versus time. The slope values obtained from linear regression were used to calculate the t 1/2 (t 1/2 ϭ ln2/slope).
DNA-Binding Activity Analysis. Nuclear extracts were obtained from glutamine-starved and glutamine-fed TSE cells using TransFactor Extraction kit (Clontech) according to the manufacturer's protocol. Protein concentrations were determined using the BCA protein assay kit (Pierce, Rockford, IL). DNA-binding activity for transcription factor NFB RelA/p65 in the nuclear extracts was quantitated employing ELISA-like Mercury TransFactor kit (Clontech) or TransAM NFB kit (Active Motif, Carlsbad, CA) according to the manufacturers' protocol. Electrophoretic mobility shift assays (EMSAs) were performed using Gel Shift Assay Systems (Promega, Madison, WI) according to manufacturer's protocol. The sequence of the double-stranded DNA (dsDNA) fragment containing NFB-binding element was 5Ј-AGTT-GAGGGGACTTTCCCAGGC-3Ј and for AP-1 consensus was 5Ј-CGCTT-GATGAGTCAGCCGGAA-3Ј (oligonucleotides provided with the kit). In the binding reactions, 32 P-labeled DNA fragments were incubated with 10 g of nuclear extract. Binding assays were performed at room temperature for 20 min, and the DNA-protein complexes were separated by electrophoresis on 5% Tris-borate EDTA PAGE gel and visualized using STORM PhosphorImager and Image Quant software (Molecular Dynamics, Sunnyvale, CA). For NFB supershift studies, 1.5 g of anti-NFB p65-specific polyclonal antibody (Zymed Laboratories, South San Francisco, CA) or 2 g of anti-NFB p50-specific polyclonal antibody (sc-114; Santa Cruz Biotechnology, Santa Cruz, CA) were included in the binding mixture 10 min before loading reactions on the gel. For AP-1 supershift studies, 4 g of each rabbit polyclonal anti-c-Fos (K-25), anti-c-Fos (H-125, recognizing an epitope common to c-Fos, FosB, Fra-1, and Fra-2), anti-Fra-1 (R-20), anti-Fra-2 (L-15), goat polyclonal antiFosB (102; Santa Cruz Biotechnology), rabbit polyclonal anti-JunD (Ab425; Abcam, Cambridge, MA), or rabbit polyclonal anti-c-Jun (Cell Signaling, Beverly, MA) antibody were preincubated with 10 g of nuclear extract at 4°C for 1 h before addition of the 32 P-labeled dsDNA probe. Adenoviruses Construction and Production. IBM and A-Fos were expressed using the AdEasy adenoviral vector system (Ref. 45 ; kindly provided by Bert Vogelstein at Howard Hughes Institute, Johns Hopkins University). The A-Fos sense primer (5Ј-CAAACAACAGCGGCCGCCCACCATGGAC-TACAAG-3Ј) and the A-Fos antisense primer (5Ј-CCCTCTAGAAGCTT-GAATTAA-3Ј), and the IBM sense primer (5Ј-TATTCATCTGCGGCCG-CAGCTTATGTTCCAGGCG-3Ј) and the IBM antisense primer (5Ј-AAATCGTTTAAGCTTTCATAACGTCAGACGCTG-3Ј) were used to introduce NotI and HindIII restriction sites (underlined) at the 5Ј and 3Ј termini, respectively, of the A-Fos and IBM cDNAs. PCR products were cloned into pAdTrack-CMV adenoviral shuttle vector using NotI and HindIII restriction sites. The shuttle vectors were then linearized with the restriction enzyme PmeI and electroporated into DY329 electro-competent cells along with the adenoviral backbone plasmid pAdEasy-1. Clones containing recombinant plasmids pAE-IBM and pAE-AFos, formed by homologous recombination, were subsequently selected for kanamycin resistance and identified by restriction analysis. Finally, recombinant adenoviral vectors were generated by transfecting the 293 packaging cell line with PacI-linearized pAE-IBM and pAE-AFos. Successful transfection and viral production were followed with the aid of fluorescent microscopy because the pAdTrack vector contains an enhanced green fluorescent protein expression cassette that is incorporated into the viral vector. Transfected cultures were maintained until the percentage of cells exhibiting green fluorescence approached 100%. Viruses were obtained by freeze/thaw lysis (four times) of the cells in PBS, followed by clarification of the lysates by centrifugation. The final high-titer viral stock in PBS was prepared by transfecting ten 150-mm diameter plates of 293 cells. After freeze/thaw lysis (four times) of the cells in PBS, cellular debris was pelleted by centrifugation, and the raw supernatant was used at 1:20 in serum-free media to infect target cells.
NFB Target Gene Analysis. The expression of NFB target genes in glutamine-starved and glutamine-fed TSE cells was analyzed using cDNAcDNA hybridization-based TranSignal NFB Target Gene Array kit (Panomics, Redwood City, CA). Total RNAs from glutamine-fed and -starved cells were isolated as described above and then used to produce biotin-labeled cDNA probes using the manufacturer's protocol and reagents. The arrays were hybridized, washed, and developed per the manufacturer's instructions. The signal was detected using streptavidin-horseradish peroxidase conjugate and a mixture of luminol enhancer and peroxide solution as substrate. The membranes were then scanned and viewed using a MultiGenius Bioimaging System (Cambridge, United Kingdom).
RESULTS
Effect of Ambient Glutamine Deprivation on VEGF and IL-8 Expression.
To determine the effect of ambient glutamine limitation on VEGF and IL-8 protein secretion by TSE cells, accumulation of VEGF and IL-8 proteins in the culture media was analyzed by ELISA of samples collected after various times of complete glutamine deprivation (Fig. 1A) . Secreted VEGF protein increased continuously during 4 -48 h of glutamine starvation, reaching 15.3 Ϯ 0.2 ng/ml concentration in the media compared with 0.53 Ϯ 0.04 ng/ml in media of glutamine-fed cells at 22 h. IL-8 protein also continuously accumulated over 48 h of glutamine deprivation, reaching a concentration of 68 Ϯ 9.6 ng/ml compared with 0.88 Ϯ 0.25 ng/ml in media of glutamine-fed cells at 22 h. Thus, TSE cells responded to glutamine deprivation by secreting relatively large amounts of VEGF and IL-8 proteins. No cell death was visibly apparent when confluent cultures of TSE cells were glutamine starved for as long as 48 or 72 h. The ability of confluent TSE cell cultures to survive glutamine starvation with no appreciable cell loss was confirmed by measuring reduction of the cell proliferation reagent WST-1 to formazan dye in replicate cultures subjected to total glutamine deprivation for various times up to 48 h (data not shown).
The sensitivity of VEGF and IL-8 mRNA expression to ambient glutamine concentration was examined using confluent cultures of TSE breast carcinoma cells. Because amino acid deprivation causes cellular stress resulting in the induction of expression of endoplasmic reticulum (ER) chaperone protein GRP78 and transcription factor GADD153, the mRNA levels of these genes were used as indicators of the activation of ER stress and nutrient stress response pathways. Cell cultures were incubated with media containing serial dilutions of glutamine from 4 to 0.06 mM, as well as no glutamine, for 8 h, and then relative mRNA levels were assayed by Northern blotting (Fig.  1B) . As initial ambient glutamine concentrations fell below physiological levels (0.6 mM), VEGF mRNA levels increased. The induction was 2-fold at 0.25 mM glutamine and continued to increase with decreasing glutamine concentration, reaching a 6-fold induction in the absence of glutamine. The IL-8 mRNA levels showed a similar sensitivity to ambient glutamine. IL-8 mRNA induction was 4-fold at 0.25 mM glutamine and continued to increase with decreasing glutamine, exhibiting a maximum induction of approximately 50-fold when glutamine was absent. The expression patterns for GADD153 and GRP78 mRNAs were qualitatively similar to those of VEGF and IL-8. In fact, the induction of GADD153 expression was nearly identical to that of VEGF. However, GRP78 mRNA levels reached a local maximum (1.9-fold induction) at 1 mM glutamine while demonstrating an absolute maximum of 3-fold induction in the absence of glutamine. Thus, the expression of VEGF and IL-8 mRNAs was increased as initial ambient glutamine concentrations fell below physiological levels, and these responses coincided with the expression of ER stress and nutrient stress-responsive genes GRP78 and GADD153.
The temporal responses of VEGF and IL-8 mRNA levels to complete glutamine deprivation were then determined and compared with those for GADD153 and GRP78 mRNAs (Fig. 1C) . VEGF mRNA levels increased 3-fold within 4 h of glutamine deprivation and continued to rise with time, reaching a steady-state level of 7.5-fold induction at 16 h. The accumulation of IL-8 mRNA was more rapid, resulting in a 4-fold induction after only 2 h of glutamine starvation. IL-8 mRNA levels increased to a maximal 140-fold by 8 h and then decreased to 55-fold above the basal level after 48 h of glutamine deprivation. The expression pattern for GADD153 was quantitatively similar to that for VEGF. However, GADD153 mRNA levels increased 8-fold by 8 h and then slightly decreased down to 5.5-fold induction over the next 40 h. The expression pattern for GRP78 was qualitatively similar to VEGF. GRP78 mRNA levels demonstrated a slow rise with a 1.4-fold induction at 4 h, reaching a steady-state level of 3-fold induction at 16 h. Thus, VEGF mRNA levels showed a sustained induction in response to glutamine starvation that was temporally similar but to greater than that of GRP78 mRNA. IL-8 mRNA levels showed a very large sustained induction that was temporally similar to but greater than that of GADD153.
The Effect of Glutamine on VEGF and IL-8 mRNA Turnover. To evaluate the relative contributions of transcriptional and posttranscriptional mechanisms in up-regulating VEGF and IL-8 mRNAs during glutamine deprivation, the decay rates of VEGF and IL-8 mRNAs were analyzed in glutamine-deprived and glutamine-fed TSE cells. GADD45 mRNA decay was used as a positive control because it was previously demonstrated to be stabilized by glutamine deprivation (46) . To determine the effect of glutamine on mRNA decay rates, cultures of TSE cells were first starved of glutamine to raise mRNA levels, then treated with actinomycin D to stop transcription, and incubated in the absence or presence of ambient glutamine for various times when mRNA levels were assayed ( Fig. 2A) . Decay curves were fitted to a first order kinetic model to obtain decay constants and calculate each mRNA half-life (t 1/2 ; Fig. 2, B and C) . The presence of glutamine accelerated VEGF mRNA decay. VEGF mRNA exhibited a t 1/2 of 2.6 h in continuously glutamine-starved cells and a t 1/2 of 1.2 h in glutamine-fed cells. This represents a 2.2-fold decrease in turnover rate caused by glutamine deprivation. This magnitude of VEGF mRNA half-lives and the effect of glutamine deprivation is remarkably similar to the values obtained in other cell systems subjected to hypoxia, which also caused a 2-3-fold increase in VEGF mRNA stability (47) . The t 1/2 value for IL-8 mRNA was raised 3.0-fold in the absence of glutamine, with a 2.8 h t 1/2 compared with 0.93 h t 1/2 in glutamine-fed cells. The stability of GRP78 mRNA was increased by 1.7-fold in glutamine-starved TSE cells (t 1/2 of 9.5 h versus 5.6 h). The stability of GADD145 mRNA was increased 3.0-fold by glutamine starvation (t 1/2 of 3.0 h versus 1.0 h) when compared with glutamine-fed TSE cells. Thus VEGF and IL-8 mRNA turnover was affected by ambient glutamine. However, the magnitudes of the effects were much less than the observed increases in steady-state VEGF and IL-8 mRNA levels caused by glutamine starvation. This is particularly true for IL-8 mRNA levels, which were increased by up to 140-fold. Therefore, glutamine deprivation must affect VEGF and IL-8 expression by increasing transcription rates as well as by increasing mRNA stability.
Role of NFB and AP-1 in Induction of VEGF and IL-8 Expression in Response to Glutamine Deprivation. VEGF and IL-8 transcription can be influenced by NFB and AP-1, however, the effect of glutamine deprivation on the activity of these transcription factors is not known. Therefore, we first tested the effect of glutamine deprivation on the DNA-binding activity for the NFB and AP-1 complex components. The EMSAs with radiolabeled dsDNAs containing NFB-and AP-1-binding sites demonstrated that complete glutamine deprivation of TSE cells for 8 h caused NFB and AP-1 DNA-binding activity in nuclear extracts to increase, resulting in the shift of radiolabeled dsDNA probes (Fig. 3, A and B) . When a polyclonal antibody against the NFB p65 subunit, the NFB p50 subunit, or both was included in the binding reaction with the Bbinding site, a supershift was observed, confirming the presence of these NFB subunits in the complex (Fig. 3A) . In case of AP-1 complex, an antibody that recognized several members of the Fos family, including c-Fos, FosB, and Fos-related antigens (Fra-1 and Fra-2), caused a supershift, whereas c-Fos-specific antibody did not (Fig. 3B) . Additional analysis demonstrated that Fra-1 member of the Fos family of transcription factors was a part of the AP-1 complex induced by glutamine starvation of TSE cells (Fig. 3C) . The identity of the second subunit of the AP-1 complex was determined by inhibition of complex formation with the AP-1-binding site after and C) , obtaining decay constants from the slope of each curve. FR, fractional response (see "Materials and Methods"); Gln, glutamine; Q, glutamine. Fig. 3 . Induction of NFB and AP-1 DNA-binding activities by glutamine (Gln) starvation and inhibition by curcumin. Confluent TSE cells were glutamine starved for 8 h. Nuclear extracts were prepared and used in EMSAs with radiolabeled dsDNA containing NFB-binding sites (A) and AP-1-binding sites (B and C). Binding mixtures were separated by electrophoresis, and bound radiolabeled dsDNAs were visualized by phosphorimagery. The position of the dsDNA complexed with NFB p65/p50 and AP-1 is indicated. The composition of the NFB and AP-1 DNA-bound complexes was determined using supershift analysis (see "Materials and Methods"). The specificity of the DNA binding was demonstrated by including 50-fold molar excess of cold dsDNA probe containing corresponding binding site in the binding mixture (ϩcold oligo) and by including 50-fold molar excess of cold unrelated dsDNA probe in the binding mixture. D, confluent TSE cells were glutamine starved for the times indicated. Nuclear extracts were prepared and used in a TransAM (Active Motif) ELISA-like assay to quantitate the NFB p65 DNA-binding activity. Data were processed as described by the manufacturer, with correction for nonspecific binding of the transcription factor. Data represent the fold induction of DNA-binding activity relative to that in the 0-h, 4 mM glutamine sample. E, to test the effect of curcumin on NFB activation, nuclear lysates were obtained from TSE cells treated with 0.1% DMSO carrier, 100 nM PMA, 20 ng/ml TNF-␣, and 5 g/ml tunicamycin or from glutamine-starved cells. Nuclear lysates were assayed for NFB p65 DNA-binding activity using Mercury TransFactor (Clontech) ELISA-like kit. Data for wells with immobilized mutated B elementcontaining DNA oligo, with immobilized wild-type (WT) B element-containing DNA oligo, and with immobilized wild-type plus excess wild-type B element-containing DNA oligo in solution (Competitor) are shown. Data represent the difference of the optical densities at the measurement (450 nm) and reference (500 nm) wavelengths after color development. Where error bars are shown, the data represent the means and SDs of triplicate wells. Nuclear extracts obtained from HeLa cells treated with 0.1 g/ml TNF-␣ were used as a positive control.
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on October 29, 2017. © 2004 American Association for Cancer cancerres.aacrjournals.org Downloaded from addition of anti-c-Jun and anti-JunD-specific polyclonal antibody (Fig. 3C) . The JunD antibodies caused considerably more inhibition of complex formation than the c-Jun antibodies, suggesting that JunD is the predominant AP-1-binding partner. Overexposure of these gels showed that these polyclonal antibodies did cause a faint supershift (data not shown).
TransAM ELISA-like assay was used to gain a quantitative assessment of NFB p65 DNA-binding activity in nuclear extracts. The assay employs immobilized dsDNA corresponding to B DNA elements to capture NFB complexes and anti-RelA/p65 antibodies to detect bound transcription factors. Immobilized mutant DNA elements and excess dsDNA-containing wild-type elements are used to control for nonspecific factor binding. The time course of induction of NFB p65 DNA-binding activity in response to glutamine starvation was examined (Fig. 3D) . Within 2 h of glutamine starvation, NFB p65 DNA-binding activity was induced approximately 2-fold and continued to increase within the next 4 h. NFB p65 DNA-binding activity reached a maximum of 6-fold induction at 6 h, followed by a gradual decrease to 5-fold induction over the next 42 h. Thus, the time course of NFB activation closely resembles but somewhat precedes the time courses of IL-8 and VEGF mRNA inductions in response to glutamine deprivation (see Fig. 1C ). This is consistent with this transcription factor playing a causal role in the induction of IL-8 and VEGF transcription in response to glutamine deprivation.
We next tested the effect of pharmacological inhibition of NFB and AP-1 activation by curcumin on the induction of VEGF and IL-8 expression. Curcumin (diferuloyl methane) is a yellow pigment component of the curry spice turmeric and has been used in traditional Indian medicine as an anti-inflammatory substance. Curcumin and derivatives are now being developed as cancer chemopreventative agents and as adjunct chemotherapeutic drugs. Curcumin is often used as a nontoxic pharmacological means to inhibit NFB and AP-1 activation (48 -51). The analysis was performed with cells treated with 5 g/ml tunicamycin and with typical inducers of NFB, tumor necrosis factor ␣ (TNF-␣), and phorbol 12-myristate 13-acetate (PMA) as well as glutamine-starved cells. Tunicamycin was selected as a specific inducer of the unfolded protein response. Mercury TransFactor assay was used to gain a quantitative assessment of the effectiveness of curcumin by measuring the effects on NFB p65 DNA-binding activity in nuclear extracts. Nuclear extracts were prepared from TSE cells that were glutamine starved or treated with 0.1% (v/v) dimethyl sulfoxide (DMSO) as a carrier control, 100 nM PMA, 20 ng/ml TNF-␣, or 5 g/ml tunicamycin in the presence or absence of 50 M curcumin (Fig. 3E) . Nuclear extracts obtained from HeLa cells treated with 0.1 g/ml TNF-␣ were used as a positive control. Glutamine starvation caused an approximately 5-fold induction of NFB p65 DNA-binding activity. This level of NFB DNA-binding activity induction was similar to that observed in TNF-␣ and PMAtreated TSE cells. In contrast, tunicamycin treatment resulted in only a 50% increase in NFB p65 DNA-binding activity. The presence of curcumin completely abolished the up-regulation of NFB DNAbinding activity by all of the inducers tested. Thus, glutamine deprivation caused an activation of NFB that was comparable with those caused by PMA and TNF-␣, and 50 M curcumin was completely effective in blocking NFB activation.
The effect of this dose of curcumin on VEGF and IL-8 mRNA expression was therefore examined. Triplicate cultures of confluent TSE cells were treated with either 0.1% (v/v) DMSO as a vehicle control or 5 g/ml tunicamycin or were completely deprived of glutamine for 8 h in the presence or absence of 50 M curcumin, and Northern blotting analyses were conducted (Fig. 4A) . Curcumin was most effective at inhibiting the induction of IL-8 mRNA expression in response to glutamine starvation. Curcumin had no significant effect on VEGF and IL-8 mRNA levels in control, DMSO-treated cultures but did reduce the mRNA inductions in response to glutamine deprivation and tunicamycin treatment (Fig. 4A) . In the absence of curcumin, glutamine deprivation and tunicamycin induced VEGF mRNA levels 6.5-and 6.3-fold, respectively. In the presence of 50 M curcumin, glutamine deprivation and tunicamycin caused VEGF mRNA inductions of 3.7-and 4.4-fold, respectively. IL-8 mRNA expression was affected similarly by these agents. In the absence of curcumin, glutamine deprivation and tunicamycin treatment induced IL-8 gene expression 14.3-and 6.5-fold, respectively. In the presence of 50 M curcumin, IL-8 mRNA levels were induced 2.6-fold by glutamine starvation and 4.5-fold by tunicamycin. Thus, curcumin was able to inhibit the induction of VEGF and IL-8 mRNA expression in response to glutamine deprivation by 43 and 80%, respectively. The responses of VEGF and IL-8 expression to tunicamycin were both reduced by approximately 30%. The fact that curcumin completely inhibited NFB activation and inhibited IL-8 mRNA induction by 80% is consistent with the response being primarily, but not completely, due to increased gene transcription that is dependent on NFB and/or AP-1 activation.
To further test the roles of NFB and AP-1 transcription factors in the control of VEGF and IL-8 transcription in response to glutamine deprivation, recombinant adenoviral vectors encoding the IB super repressor (IBM) and A-Fos were constructed and used. IBM is a mutant form of IB␣ with serine residues 32 and 36 mutated to alanine residues (52) . This protein binds NFB and sequesters it in the cytoplasm but is not phosphorylated and degraded in response to NFB-activating conditions. Overexpression of IBM therefore blocks NFB nuclear translocation. The A-Fos dominant-negative mutant is an engineered c-Fos protein with an amphipathic acidic extension appended at the NH 2 terminus of the leucine zipper domain (43) . The acidic extension heterodimerizes with the basic region of binding partners and thereby effectively blocks AP-1 DNA binding. Overexpression of A-Fos blocks formation of functional AP-1 complexes by sequestering c-FOS-binding partners in nonfunctional complexes. Confluent TSE cells were infected with recombinant adenoviruses in fetal bovine serum-free medium for 2 h. Infection with empty viral vector that does not contain a cDNA insert was performed to control for the effects of viral infection on gene expression. After the 2-h infection in fetal bovine serum-free medium, complete medium was added to the cells, and the virus was left on the cells for the next 22 h. After the 24-h infection, the cells expressing IBM or A-Fos and the cells infected with the empty virus were treated with complete control medium or glutamine-free medium or were subjected to anoxia for 16 h. Total RNA was isolated, and Northern blotting analysis was performed (Fig. 4B) . Expression of these dominant inhibitors demonstrated that NFB and AP-1 transcription factors were necessary for the induction of IL-8 expression but dispensable for the induction of VEGF expression in response to glutamine starvation. IL-8 mRNA expression was induced by glutamine starvation in cells infected with the empty virus, and expression of IBM and A-Fos inhibited the induction of IL-8 mRNA under glutaminestarved conditions by 87 and 82%, respectively. VEGF mRNA levels under glutamine-starved condition were only minimally affected by the expression of either dominant-negative mutant, with the IBM and A-Fos causing 10 and 24.5% inhibition, respectively. Expression of A-Fos also decreased the induction of VEGF mRNA expression in response to anoxia by 29%. This result is in agreement with previous observations that AP-1 is involved in control of VEGF expression under hypoxic conditions (41, 53) .
Analysis of NFB DNA-binding activity in nuclear extracts from the IBM and wild type IB␣ (IBwt) adenovirus-infected TSE cells revealed that overexpression of IBM, as well as IBwt, completely excluded the NFB p65 subunit from the DNA-binding complex, resulting in formation of inhibitory NFB p50/p50 homodimers (Fig.  4C) . The extent of exclusion was in keeping with the 87% reduction in IL-8 mRNA levels caused by overexpression of IBM (Fig. 4B) . However, it was surprising that IB overexpression did not exclude all NFB proteins from the nucleus but rather shifted the distribution of NFB complexes in nuclear extracts. Adenovirus-mediated overexpression of A-Fos resulted in dramatically diminished AP-1 DNAbinding activity in nuclear extracts (Fig. 4D ), in keeping with the observed 82% reduction in IL-8 mRNA levels due to A-Fos overexpression (Fig. 4B) .
Effect of Ambient Glutamine Deprivation on Expression of NFB Target Genes.
To determine the specificity of IL-8 induction by glutamine deprivation and possibly identify NFB-responsive genes besides IL-8 that were induced during glutamine starvation of TSE cells, we performed a NFB target gene array analysis (Fig. 5) . RNA samples derived from control cells and cells starved for glutamine for 8 h (when IL-8 mRNA levels were at maximum; see Fig. 1C ) were used to produce biotin-labeled cDNA probes that were hybridized to the array containing 111 NFB target genes. This analysis confirmed the induction of IL-8 mRNA expression (spot positions H11/12; increased 8.8-fold) and demonstrated that only 17 of 111 Fig. 4 . Effects of pharmacological and genetic inhibition of NFB and AP-1 on VEGF and IL-8 mRNA expression. A, to evaluate the effects of curcumin on VEGF and IL-8 mRNA expression, triplicate confluent cultures of TSE cells were grown in medium containing 0.1% DMSO, medium without glutamine (ϪGlutamine), or medium containing 5 g/ml tunicamycin for 8 h in the presence or absence of 50 M curcumin. Total RNA was isolated, and Northern blot analysis was performed. The data represent the mean mRNA levels Ϯ SD. B, to evaluate the effect of genetically inhibiting NFB and AP-1 activation, confluent TSE cells were infected with recombinant adenoviruses expressing IBM or A-Fos or with an empty expression cassette as a control. Twenty-four h after infection, cells were glutamine (Gln) starved for 16 h. Anoxia treatment was used as a control for VEGF induction. Total RNA was isolated, and Northern blot analysis was performed. C, the effect of IB overexpression on NFB DNA-binding activity was evaluated. TSE cells were infected with recombinant adenoviruses overexpressing IBM or wild type IB␣ (IBwt) or with an empty expression cassette. Twenty-four h after infection, cells were glutamine starved for 8 h. Nuclear extracts were isolated and used in EMSAs with radiolabeled dsDNA containing NFB-binding site. The composition of the NFB complex was determined employing supershift analysis with anti-NFB p65 (␣-p65) or anti-NFB p50 (␣-p50) antibodies. D, the effect of A-Fos overexpression on AP-1 DNA-binding activity was evaluated. TSE cells were infected with recombinant adenoviruses overexpressing A-Fos or with an empty expression cassette. Twenty-four h after infection, cells were glutamine starved for 8 h. Nuclear extracts were isolated and used in EMSAs with radiolabeled dsDNA containing AP-1-binding site.
NFB target genes were up-regulated by at least 2.0-fold in response to glutamine deprivation. (20, 46) .
DISCUSSION
The present study demonstrated that a breast carcinoma cell line responded to glutamine deprivation by greatly increasing the expression of two pro-angiogenic factors, VEGF and IL-8. The response is partially due to mRNA stabilization. However, mRNA decay rates for these mRNAs were not decreased enough to totally account for the observed increases in steady-state mRNA levels. This is particularly true for IL-8 mRNA, for which mRNA level increased by as much as 2 orders of magnitude and mRNA half-life was increased by only 3-fold. The NFB and AP-1 DNA-binding activities were induced by glutamine starvation. In the case of NFB, the induction was pronounced and estimated to be 5-6-fold by a quantitative DNA-binding protein capture assay. AP-1 induction was less pronounced, for appreciable AP-1 DNA-binding activity was present in the nuclei of control, glutamine-fed cells. Furthermore, curcumin, which inhibits NFB and AP-1 activation, inhibited the expression of VEGF and IL-8 mRNAs. The effect of curcumin was most dramatic for IL-8 mRNA expression, blocking its induction by 80%. Curcumin inhibited VEGF mRNA induction by only 40%. A specific genetic approach confirmed that NFB and AP-1 transcription factors are mediators of the induction of IL-8 gene expression but not VEGF gene expression. Similar to curcumin treatment, expression of IBM and A-Fos inhibited the increase in IL-8 mRNA levels after glutamine deprivation by more than 80%. This level of inhibition is consistent with a mechanism of induction that is primarily, but not completely, transcriptional. IBM (as well as IBwt) and A-Fos expression were also quite effective in inhibiting the formation of NFB p65/p50 complexes and AP-1 complexes, respectively. Surprisingly, expression of IB proteins did not prevent p50/p50 complex formation in nuclear extracts. However, because p50/p50 complexes are inhibitory rather than transactivating, this is consistent with inhibition of IL-8 expression by blocking NFB function.
Glutamine is the most abundant amino acid in the circulation and is metabolized by tumor tissues at much higher rates than any other amino acid. Glutaminolysis provides cells with metabolic precursors, energy, and reductive equivalents. Because glutamine is such an important nutrient, its absence from the cell culture medium may perturb cellular function and induce cellular stresses such as energy depletion, ER stress, oxidative stress, and osmotic stress. The present study shows for the first time that glutamine deprivation leads to the activation of transcription factors NFB and AP-1. The particular stress and molecular mechanism that leads to these responses is not yet known. Previous studies have demonstrated that supplemental glutamine feeding can reduce plasma IL-8 levels and the release of IL-8 by peripheral blood mononuclear cells in response to septic insults (54, 55) . Recently, glutamine availability was shown to decrease the expression of IL-8 by IL-1␤-treated monocytes and by LPS-treated intestinal cells (56, 57) . However, there is only one published study that established NFB activation in response to nutrient deprivation. While the present study was in progress, Jiang et al. (42) clearly demonstrated that leucine deprivation caused NFB activation and that this response was dependent on phosphorylation of the eukaryotic initiation factor 2 ␣ (eIF2␣) by general control nonderepressible kinase 2 [GCN2 (EIF2AK4)]. IB␣ serine phosphorylation and IB degradation were not involved, but eIF2␣ activation did coincide with loss of IB␣ binding to RelA/p65. A role for GCN2 is reminiscent of activation of NFB by another eIF2␣ kinase, the double-stranded RNA-activated protein kinase PKR, in response to double-stranded RNA, IFN, and various cytokines (58) . GCN2 is activated by amino acid deficiency through binding to uncharged transfer RNAs. Thus, activation of GCN2, and perhaps NFB, would only occur when cells experienced amino acid limitations sufficient to suppress aminoacyl-tRNA synthetase reactions. Likewise, only one previously published study examined the role of glutamine in AP-1 activation. Rhoads et al. (59) found that feeding glutamine to previously glutamine-starved porcine IPEC-J2 cells and in rat IEC-6 cells caused a transient stimulation of AP-1 activity. The effect of glutamine deprivation on AP-1 activity was not examined by these authors, and the mechanism of AP-1 stimulation was not addressed. We found that AP-1 DNA-binding activity was increased by glutamine deprivation. Gel shift experiments suggested that the AP-1 complex in the nuclei of glutamine-starved cells contained Fra-1, c-Jun, and JunD proteins. We were unable to obtain a supershift with two different c-Fos antibodies that have been shown to function in EMSA ( Fig. 3B ; H-125 and data not shown). We have not compared the composition of the basal AP-1 complex present in glutamine-fed cells with that of glutamine-starved cells.
The induction of VEGF mRNA expression in response to glutamine deprivation was well correlated with the inductions of the ER stressresponsive genes GRP78 and GADD153. Thus, we hypothesize that the expression of VEGF is responsive to an ER stress response pathway. VEGF (and IL-8) has been shown to be responsive to hypoxia. We have not proven that the hypoxia-inducible factors (HIF-1 and HIF-2) are not involved in the response of VEGF and IL-8 to glutamine deprivation. However, the levels of HIF-1␣ and HIF-2␣ proteins and hypoxia response element-binding activity were not appreciably increased by glutamine deprivation of TSE cells. 3 If an ER stress-response mechanism is responsible for the induction of VEGF by glutamine deprivation, it is probably not the unfolded protein response, because glutamine deprivation causes a minimal increase in GRP78 expression and GRP78 transcription is extremely responsive to the unfolded protein response. In addition, by monitoring the editing of X-box-binding protein mRNA, we have found that glutamine deprivation does not cause appreciable activation of the endonuclease activity of IRE1, a marker for activation of the unfolded protein response. 3 A recent study from our laboratory showed that induction of VEGF expression by ARPE-19 cells in response to homocysteine treatment was dependent on the ER stress-responsive transcription factor ATF4, which results from eIF2␣ kinase activation (60) .
Several previous studies have implicated NFB in control of VEGF transcription. Huang et al. (33, 34, 61) demonstrated that inhibition of NFB activity by expression of IBM suppressed the induction of IL-8 and VEGF in prostate, ovarian, and melanoma cancer cells. This inhibition also reduced tumorigenicity, angiogenesis, and metastasis of tumors formed from these cells. Bancroft et al. (26) published very similar results for a human head and neck squamous cell carcinoma cell line. However, a recent report from this same group showed that expression of IBM blocked the induction of IL-8 but not VEGF in head and neck squamous cell carcinoma cells treated with epidermal growth factor (62) . Likewise, in the present study, we observed that expression of IBM effectively blocked the induction of IL-8 expression in response to glutamine deprivation without appreciably affecting the induction of VEGF expression. In addition, effective inhibition of NFB activation by curcumin did not suppress VEGF mRNA expression nearly as much as IL-8 mRNA expression. We conclude that NFB and AP-1 play key roles in the control of IL-8 transcription and only minor roles in the control of VEGF transcription by glutamine in TSE cells.
In a recent publication, Lee et al. (63) presented an explanation for the often-observed coexpression of VEGF and IL-8. Using a cytokine gene array, these authors discovered that treatment of brain microvascular endothelial cells with VEGF caused severalfold increase in IL-8 expression. We have tested the possibility that IL-8 expression is secondary to autocrine stimulation of glutamine-starved cells by secreted VEGF. Treatment with conditioned media obtained from glutamine-starved cells, after repletion of glutamine, did not cause stimulation of IL-8 (or VEGF) expression. 4 In addition, glutamine starvation was able to increase IL-8 mRNA expression even when protein translation was inhibited by cycloheximide. Thus, we conclude that IL-8 expression in response to glutamine deprivation is not simply the result of VEGF accumulation in the culture media. Furthermore, in the same cytokine gene array experiment, Lee et al. (63) found that the expression of GRO␣ was reduced severalfold by VEGF treatment. This is in sharp contrast to our finding that GRO␣ was induced by glutamine deprivation.
Only a small subset of NFB-inducible genes was responsive to glutamine deprivation. Interestingly, both IL-8 and GRO␣ were responsive to glutamine deprivation. The up-regulation of GRO␣ by glutamine deprivation and necessity of NFB function for this response has been confirmed by Northern blotting analysis. 3 Like IL-8, GRO␣ is a neutrophil chemoattractant that has been implicated in cancer progression. GRO␣ is overexpressed in several tumors and associated with tumorigenicity, invasiveness, and metastatic ability (64 -67) . Additionally, both IL-8 and GRO␣ stimulate the motility of breast cancer cell lines (68) . Another mRNA up-regulated by glutamine deprivation was that of the intermediate filament vimentin. Vimentin expression, besides being a marker of epithelial to mesenchymal transition, is also associated with malignant progression, invasiveness, and metastasis in several tumors (for example, see Ref. 69) .
In summary, we have shown that the expression of pro-angiogenic and pro-metastatic factors VEGF and IL-8 by TSE breast carcinoma cells is induced by glutamine deprivation. These inductions are partially due to mRNA stabilization. We also present the novel observation that glutamine deprivation activates NFB and AP-1 transcription complexes. This is the first study to show AP-1 activation by nutrient deprivation and only the second study to show that nutrient deprivation of any kind causes NFB activation. Furthermore, this study demonstrated that activation of NFB and AP-1 transcription factors was necessary for the induction of IL-8 mRNA expression, but not VEGF expression, in response to glutamine starvation. Although the data indicate that VEGF transcription might be responsive to activation of ER stress response pathway(s) engaged during glutamine deprivation, the specific pathways and transcription factors involved remain unknown. The results suggest that low glutamine concentrations in the tumor microenvironment could contribute to angiogenic factor expression through numerous mechanisms. These mechanisms may represent novel targets for therapies directed at the angiogenic switch rather than specific angiogenic factors.
